ABSTRACT Although Þre ants frequently have negative impacts on agricultural systems and public health, they have additional beneÞcial insecticidal effects. To evaluate the potential effect of Þre ant venoms on agricultural pests, the compositions of the venoms and their insecticidal activities against Plutella xylostella (L.) larvae were evaluated under laboratory conditions. The alkaloids found in Solenopsis geminata (F.) venom are primarily saturated C 11 , which occur in both cis and trans forms, whereas the venom of S. invicta Buren contains six principal alkaloids (from trans C 11 to C 17 ). Moreover, the proportions of unsaturated alkaloids in the venom of polygynous S. invicta were signiÞcantly higher than the corresponding proportions in the monogynous S. invicta, as shown by our previous studies. Fire ant venoms were topically applied to the dorsal thoracic region of fourth-instar larvae of P. xylostella. The results of the experiment showed that the larval symptoms induced by Þre ant venom include contractile, ßaccid paralysis, black coloration and death. P. xylostella larvae were most susceptible to S. geminata venom. The order of the susceptibilities of the larvae to the venoms was as follows: S. geminata Ͼ S. invicta (monogyne form) Ͼ S. invicta (polygyne form), as measured by the corresponding LT 50 values at 24 h.
Introductions of invasive species often have negative impacts on native species and ecological systems (Vinson 1994, Epperson and Allen 2010) . The red imported Þre ant, Solenopsis invicta Buren, was ranked as one of the 100 worldÕs worst invasive alien species (Lowe et al. 2000) . Infestations of this species have been found in the United States, Australia, Taiwan, and China (Huang et al. 2004 , Morrison et al. 2004 . The negative effects of red imported Þre ants have been well documented, including threats to human health, wildlife, crops, and electrical equipment (Allen et al. 1994 , Vinson 1997 . Two invasive Þre ant species in Taiwan exhibit adverse effects on agriculture and cause serious distress to individuals because of their sting. Solenopsis geminata (F.) was introduced into southern Taiwan before 1980 (Nambu and Tano 1983) , whereas S. invicta was imported into Taiwan in 2003 (Huang et al. 2004 ). The red imported Þre ant can prey on certain economic pests and suppress the densities of herbivorous insects in many cropping systems (Eubanks 2001) . Moreover, it is also identiÞed as a key predator of the boll weevil, Anthonomus grandis Boheman, in cotton ecosystems Sterling 1983, 1985) . Fire ants can also cause changes in the food-web dynamics of agroecosystems by disrupting the populations of predators that prey on aphids. These disruptions produce enhanced survival in cotton aphids and increase their density (Kaplan and Eubanks 2002) .
Fire ant venom consists of 90 Ð95% water-insoluble alkaloids, which are species speciÞc (Brand et al. 1972 (Brand et al. , 1973 MacConnell et al. 1976 ) and have antimicrobial, insecticidal, hemolytic and histamine-releasing properties (Blum et al. 1958 , Jouvenaz et al. 1972 , Lind 1982 , Braekman and Daloze 1996 . Differences between the proportions of unsaturated alkaloids and ratios of C 13 : C 13:1 and C 15 :C 15:1 alkaloids in the venom of the monogyne and polygyne forms of S. invicta have been demonstrated (Lai et al. 2008) . The effects of environmental cues on the venom compositions of S. invicta and S. geminata in Taiwan were further characterized in our previous studies (Lai et al. 2008 (Lai et al. , 2009 ). In addition, Þre ant venom also contains four major allergenic proteins (MacConnell et al. 1971 , Baer et al. 1979 ) that are responsible for anaphylactic reactions (Baer et al. 1979; Hoffman 1987 Hoffman , 1993 Hoffman et al. 1988 ).
The diamondback moth, Plutella xylostella (L.), is undoubtedly a serious pest of cruciferous plants throughout the world (Talekar and Shelton 1993) . It has been ranked as one of the most important pests in Taiwan since the mid-1960s (Chen and Su 1986) . Chemical control is the most common method of diamondback moth management. However, this moth has become resistant to almost all synthetic insecticides used against it in the Þeld. In particular, the diamondback moth was the Þrst crop pest to develop resistance to DDT, one of the most well-known synthetic insecticides (Talekar and Shelton 1993) . The diamondback moth and Þre ants are now found in many of the same agroecosystems in Taiwan. Fire ant venom is undoubtedly the most effective weapon for defense, prey capture, and antimicrobial action at foraging sites. Although two invasive Þre ant species may signiÞcantly impact many regions of Taiwan, no attempts have been made to estimate the toxicity of Þre ant venom to agricultural pests. We have previously evaluated the toxic effect of Þre ant stings on Spodoptera litura (F.) larvae under laboratory conditions and showed that the susceptibilities of Sp. litura to Þre ant venom were ranked as follows: S. geminata Ͼ S. invicta (monogyne form) Ͼ S. invicta (polygyne form) (Lai et al. 2010) . The objective of this study was to further evaluate the insecticidal activity of Þre ant venom topically applied to P. xylostella larvae and to evaluate the ecological role of Þre ants in various agroecosystems. It would be useful to know whether Þre ants have negative effects, beneÞcial effects, or both types of effects on agroecosystems in Taiwan.
Materials and Methods
Insect Rearing. The P. xylostella larvae were reared in an incubator (25 Ϯ 2ЊC, 60% RH and a photoperiod of 12:12 (L:D) h) and maintained on 10-to 15-d-old cabbage (Brassica rapa L.).
Workers of S. geminata and S. invicta were collected from Taichung City (central Taiwan) and New Taipei City (northern Taiwan), respectively, and transported to the laboratory in plastic containers with a lid (21 ϫ 4.5 ϫ 4.5 cm). The lids were coated with Fluon (NP115; Northern Products Inc., Woonsocket, RI) to prevent the ants from escaping. The worker ants were maintained in the laboratory (25ЊC) and fed mealworms (Tenebrio molitor L. larvae) and 10% (wt:vol) sugar solution in cotton-plugged test tubes (15 cm length ϫ 1.5 cm diameter).
The social form of S. invicta was identiÞed by the size of the workers and number of queens in each colony (Porter 1992 ) and determined by a polymerase chain reaction based on the heterogeneity of the Gp-9 (general protein-9) gene (Krieger and Ross 2002, Valles and Porter 2003) . The monogynous S. invicta colonies contain individuals with only the Gp-9 B allele, whereas polygyne ants have both the Gp-9 B and Gp-9 b alleles. Only the monogyne of S. geminata is found in Taiwan (Lai et al. 2009 ).
Collection of Venom and Chemical Analysis.
Pure venom was collected in a 5 l microcapillary tube from workers of the two social forms of S. invicta and from S. geminata. Workers with head widths ranging from 0.75 to 0.97 mm were selected for venom sampling. The Þre ant was held by the pedicel with forceps and was stimulated to release venom from the sting (Lai et al. 2008) . Venom was pooled from three workers per colony and kept it in n-hexane (104367; Merck KGaA, Darmstadt, Germany) at Ϫ20ЊC for gas chromatography-mass spectrometry (GC-MS) analysis. Twelve monogyne and polygyne colonies of S. invicta and nine colonies of S. geminata were sampled.
To identify the venom alkaloids of S. geminata and S. invicta, we use a Finnigan Focus GC coupled to a Finnigan Focus DSQ mass selective detector (Thermo Fisher, Waltham, MA) as described in our previous publication (Lai et al. 2008 ). The mass spectral base peak at m/z ϭ 98 corresponded to the fragment C 6 H 12 N ϩ (MacConnell et al. 1971) . Bioassays. The insecticidal activity of Þre ant venom was evaluated through topical application of the venom to fourth-instar larvae of P. xylostella. Fire ant venoms from S. geminata and both social forms of S. invicta were tested. The Þre ant gaster was separated from the thorax with forceps and was stimulated to release venom droplets from the sting. We applied a droplet of venom directly to the dorsal thoracic region of the larva. The larvae were then placed in petri dishes with food, and the mortality of the larvae was recorded every 2 min for 24 h. The mortality of the larvae was judged by the appearance of ßaccid paralysis with no observable movements even after being touched with a forceps. Thirty larvae were tested for each treatment, and the tests were replicated three times per venom type.
Statistical Analyses. The two major peak areas of the alkaloids of S. geminata and the six most abundant alkaloids of S. invicta were integrated, and the proportion of the sum of the peak areas represented by each peak area was calculated as described previously (Lai et al. 2008 (Lai et al. , 2009 .
The mortality data for the P. xylostella larvae treated with venom were analyzed with a one-way analysis of variance (ANOVA) at a signiÞcance level of ␣ ϭ 0.05. A post hoc test was also used. The data were also subjected to probit analysis, in accordance with Finney (1971) , to calculate the time required to achieve 50% mortality (LT 50 ) in the treated larvae and the corresponding 95% Þducial limits (95% FL). Each group of 30 larvae was analyzed as one data point that reßected the total number of larvae and the number that died.
Results
Fire Ant Colony Social Organization and Venom Alkaloid Composition. All the examined colonies of S. geminata collected from central Taiwan (Taichung City) were the monogyne form in the current study. By contrast, the colonies of S. invicta used in the current study included both the monogyne and po-lygyne forms. Fire ant venom is composed of almost 95% water-insoluble alkaloids and a small amount of protein. The proportions of piperidine alkaloids in the three types of Þre ant venom are species speciÞc ( Table 1 ). The alkaloid composition of S. geminata venom is primarily saturated C 11 (in both cis and trans forms), whereas S. invicta venom contains six major alkaloids (from trans C 11 to C 17 ). Moreover, the proportions of unsaturated alkaloids in polygynous S. invicta were signiÞcantly higher than those from the monogyne form. This result is consistent with our previous studies (Lai et al. 2008 (Lai et al. , 2009 ).
Bioassays. The P. xylostella larva immediately contracted and showed ßaccid paralysis after treatment with Þre ant venom. Subsequently, the segment of the treated region showed a deep brown coloration and then became black as the larva died slowly (Fig.  1) . As shown in Fig. 2 , the P. xylostella larvae were more susceptible to S. geminata venom than to the venom of either social form of S. invicta. All P. xylostella larvae died within 17 min after treatment with the venom of S. geminata, whereas some P. xylostella treated with S. invicta venom did not die until 130 min (monogynous S. invicta) and 100 min (polygynous S. invicta) (Fig. 2) after treatment.
To compare the susceptibility of P. xylostella larvae to three types of Þre ant venom, their half-lethal times (LT 50 ) for the three types of Þre ant venom were calculated ( Table 2 ). The results show that S. geminata venom was the most poisonous to P. xylostella larvae, with a LT 50 value of 7.28 min. The LT 50 values of P. xylostella larvae treated with monogynous and polygynous S. invicta venom were 21.08 and 32.88 min, respectively. The ranked susceptibilities of P. xylostella larvae to Þre ant venom were S. geminata Ͼ S. invicta (monogyne form) Ͼ S. invicta (polygyne form), as shown by their LT 50 values. The slopes of the log dosage-probit lines for all three Þre ant venoms were higher than 2.0. These values indicated that the P. xylostella larvae used in these studies were relatively homogeneous.
Discussion
The insecticidal activity of Þre ant venom has been investigated by Lai et al. (2010) . Sp. litura larvae were directly stung by Þre ants once in the dorsal thoracic region in that study, and the LT 50 values of the Sp. litura larvae were found to be 6.53, 14.25, and 29.52 min for S. geminata, monogynous S. invicta, and polygynous S. invicta, respectively. Initially, we treated P. xylostella larvae in the same manner and found that Þre ant venom exhibits a signiÞcant and rapid lethal effect on P. xylostella larvae. A possible reason for this result is that the P. xylostella larva is small and may be more vulnerable to the Þre ant sting. The current study showed that topical application of Þre ant venom has a smaller effect than the injection of venom into the dorsal thoracic region of P. xylostella larvae. Nevertheless, this study also suggested that venom can penetrate the cuticle of the P. xylostella larva and produce fatal consequences.
Sansei and Blum (1969) found that house ßy larvae showed a deep brown color and paralysis after treatment with Þre ant venom. Our previous study showed that Þre ant venom induces fast, immediate and contractile paralysis in Sp. litura larvae (Lai et al. 2010) . The same symptoms have been observed in P. xylostella larvae after treatment with Þre ant venom in the current study. The black coloration of venom-treated larvae is because of the accumula- tion of melanins in the cuticle (Sannasi and Blum 1969 ).
In the current study, we smeared the dorsal thoracic region of the larva with a droplet of venom secreted from the tip of the Þre ant sting. Previous studies suggested that the average venom dose per sting of worker was 0.74 Ϯ 0.13 nl for S. geminata, 1.01 Ϯ 0.23 nl for monogynous S. invicta and 0.79 Ϯ 0.29 nl for polygynous S. invicta (Lai et al. 2010) . Accordingly, the volume of venom from S. geminata applied to the thoracic region of the larva is equivalent to that of the polygynous S. invicta and far lower than that of the monogynous S. invicta. However, the LT 50 of the venom derived from S. geminata is signiÞcantly lower than that of both social forms of S. invicta (Table 2) . These results strongly indicated that the toxicity of S. geminata venom is signiÞcantly higher than that of both social forms of S. invicta. Moreover, the venom volume per sting of monogynous S. invicta is 27.8% ((venom volume of monogyne -venom volume of polygyne)/venom volume of polygyne) higher than that of polygynous S. invicta. Nevertheless, the LT 50 of venom derived from monogynous S. invicta is 35.8% ((LT 50 of monogyne -LT 50 of polygyne) /LT 50 of polygyne) less than that of polygynous S. invicta. From this perspective, the toxicity of S. invicta (monogyne form) venom against P. xylostella is somewhat higher than that of S. invicta (polygyne form). These results are consistent with the result in our previous publication that the ranked susceptibilities of Sp. litura to the three Þre ant venoms are S. geminata Ͼ S. invicta (monogyne form) Ͼ S. invicta (polygyne form).
The current study also showed that the composition and ratio of the venom alkaloids in S. geminata differ substantially from their values in both social forms of S. invicta (Table 1 ). In particular, the venom alkaloid composition for trans C 11 , trans C 13 , and trans C 15 in monogynous S. invicta was higher than that in polygynous S. invicta. Moreover, the venom of S. geminata workers consisted primarily of two alkaloids, cis C 11 and trans C 11 , and was devoid of piperidines with a long side chain. As indicated by a previous study (Jouvenaz et al. 1972) , the toxicity of ant venom alkaloids (trans C 11 , trans C 13 , and trans C 15 ) to gram-positive bacteria tended to decrease from C 11 to C 15 . Morel et al. (1990) demonstrated that monogyne workers of S. invicta are usually more aggressive than polygyne workers. Thus, the higher proportions of piperidines with a short side-chain in S. geminata and saturated alkaloids in monogynous S. invicta might be an explanation of the relative toxicity of the venoms of these three Þre ants against P. xylostella.
Fire ants use their venom for mound defense, prey capture, and territorial contests (Haight and Tschinkel 2003) . Moreover, gaster ßagging and venom dabbing are the behaviors used by Þre ants to defend against other species at foraging sites (Obin and Vander Meer 1985, Greenberg et al. 2008) . Fire ants have invaded many agroecosystems that are also habitats of P. xylostella in Taiwan. We investigated the toxicity of Þre ant venom against agricultural pests to better understand the aggressive and attack behavior of the Þre ants. The results show that the relative susceptibilities of P. xylostella to Þre ant venoms were as follows: S. geminata Ͼ S. invicta (monogyne form) Ͼ S. invicta (polygyne form). In the current study, topical insecticidal activity shows that solenopsin A and isosolenopsin A in S. geminata venom are the ancestral forms of alkaloids with shorter side chains and are highly toxic to P. xylostella larvae. The ability of Þre ants to produce lethal venom has a potential inßuence on agroecosystems. The studies reported here suggest that the signiÞcant differences in toxicity of Þre ant venom among the three Fig. 2 . Cumulative mortality of Plutella xylostella (n ϭ 30) after treatment with Þre ant venom. One droplet of Þre ant venom was applied topically to the dorsal thoracic region of fourth-instar larvae of P. xylostella. Afterward, the larvae were placed in petri dishes with food, and the mortality of the larvae was recorded every 2 min for 24 h. TFA: Solenopsis geminata; RIFA (M): S. invicta (monogyne form); RIFA (P): S. invicta (polygyne form). LT 50 , time required to achieve 50% mortality; M, monogyne; P, polygyne.
types of Þre ants might be associated with their patterns of territorial behavior and chemical strategies. From an ecological perspective, the impact of the globally invasive Þre ant on agroecosystems deserves further investigation.
